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Bryant 1
Degradation of Natural and Synthetic Fibers
in Various Aqueous Environments
Jaylin Bryant, Belmont University

Abstract
Fabrics are one variant of polymers, macromolecules that form the foundation of our
society. They consist of small subunits called monomers, which are covalently bonded together
and layered over each other through intermolecular attractions. There are natural fabrics, such as
cotton and silk, and synthetic fabrics like polyester and rayon. Scientists in forensic taphonomy
study postmortem changes made to human remains, which can also include clothes found at the
scene. In this study, the degradation rates of four white fabrics (cotton, polyester, rayon, and silk)
were observed in various aqueous environments (pure, chlorinated, sea, and lake) in order to
observe the differences in natural and synthetic fibers as well as to create a timeline that could be
used in forensic analysis. The properties of polymers depend widely upon their structures;
therefore, the fabrics were analyzed using infrared (IR) spectroscopy and any visual differences
were noted. Pure, deionized water was used as a control, and each fabric was placed in each tank.
Approximately 3 cm x 3 cm samples were removed from the tanks each week for 10 weeks, and
one last set of samples was collected five weeks later. The IR data collected for each fabric did
not show any signs of degradation. Almost all of the same absorbances were found at similar
wavelengths for every set of IR data. Visually, the silk in the chlorinated tank yellowed over time
while the other fabrics did not display any distinct color changes. Therefore, silk was the only
fabric to actually undergo any form of degradation. Since there was no pattern of deterioration,
the data could not be used to establish a timeline of degradation. Any future research would
require placing the fabrics in the tanks for a longer period of time so that they actually have a
sufficient amount of time to degrade before testing.
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Introduction
Polymer chemistry is the study of polymers, or macromolecules that form the foundation
of society. They are the building blocks of our world, from our DNA to clothing to the containers
in which we store our food. Polymers are chemical compounds that consist of small subunits
called monomers. Monomers are covalently bonded together and layered over each other through
intermolecular attractions to form a polymer. They exist naturally and synthetically, and each
one exhibits a wide variety of properties. As a result, polymer chemistry includes a vast amount
of possibilities for creating polymers with unique properties. The difference in properties
between polymers has been a major theme in their study because small changes in chemical
structure can alter their chemical and physical properties, which determine a polymer's
applicability.1 Their chemical structures provide clues into possible applications, but many
discoveries are serendipitous, such as the discovery of polyparaphenylene terephthalamide, or
Kevlar, by Stephanie Kwolek in 1965.2 As a result, polymers introduce an interesting challenge
for many scientists.
The process through which polymers are created is called polymerization, which includes
two main types of reactions: addition and condensation. Addition reactions combine monomers
by converting the double bond of an alkene to a single bond, and the additional bond is used to
join the two monomers. Addition polymerization includes three stages: initiation, propagation,
and termination. This process can be initiated by a radical, acid, or nucleophile, and propagation
is repeated many times to create the desired polymer. 3
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Figure 1. Radical polymerization of an alkene. A radical is the initiator, which forms a carbon radical that
continues the reaction.4

Condensation reactions bring monomers together based on the reactivity of their functional
groups and produce a small byproduct. They usually involve different monomers that form
carbon-heteroatom bonds instead of carbon-carbon bonds. Condensation reactions occur at
slower rates than addition reactions because they occur stepwise, and some require heat. 3 In
addition, the functionality of the monomers influences the reaction as well as the polymer's
structure. The functionality of a monomer is defined as the number of functional groups or
bonding sites present that can react with another monomer. Adipic acid and hexanediamine
(Figure 2) have two bonding sites, which make them both difunctional. Polyfunctional
monomers can react with multiple molecules, creating a branched polymer that can include
cross-linked portions that have monomers of different functionalities.5

Figure 2. Condensation polymerization of nylon 6,6. A carbon-nitrogen bond is formed, and water is
produced.6
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Both types of reactions are used to synthesize an assortment of polymers that display distinct
properties. The properties of a polymer are a result of its structure. For example, if a polymer has
stronger intermolecular forces, it will have a higher melting point than one with weaker
intermolecular forces. Therefore, a polymer's structure can reveal much about its function as well
as why one polymer's properties vary from another's.
In this experiment, the chemistry of polymers was explored by analyzing the rates of
degradation for natural and synthetic fibers in an aqueous environment. The fibers of four fabrics
were studied as polymers to determine how their mechanisms of formation and structures affect
their degradation rates. Two of the fabrics, silk and cotton, were natural while the other two,
rayon and polyester, were synthetic. These fabrics were chosen as the natural and synthetic
counterparts to each other. For example, rayon mirrors some of the physical properties of silk,
and the same can be said of cotton and polyester. Afterwards, their IR spectra, masses, and
physical appearances were compared to each other in the hopes of establishing a timeline of
degradation that could be used in forensic taphonomy to date human remains or crime scenes.
Forensic taphonomy is the study of postmortem changes made to human remains;7 however, it
also considers the clothing found on the remains, which can provide additional information.
Furthermore, the clothing might be the only evidence at a crime scene, so it could be beneficial
to use fiber deterioration as a method of dating.
Silk
Silk is one of the strongest natural textiles to exist, and it has been desired for thousands
of years due to its high tensile strength, luster, and smoothness. The silk that is commonly used
in textile manufacturing is harvested from the cocoons of Bombyx mori, silkworms that only live
on mulberry trees. B. mori cocoons must be harvested and heated so that they can be unraveled
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in order to make silk. The cocoons are made from a single strand of silk, which must be carefully
unraveled and attached to another strand in order to form one long strand that can be woven into
fabric. The long, single strand of silk is twisted, rolled, dyed, and woven with others to form the
final product. Silk is considered to be a sustainable resource with a relatively clean
manufacturing process because mulberry trees do not require any pesticides, and there are no
harmful chemicals required to manufacture it. However, the use of silkworms is controversial
among animal rights groups since the silkworms are killed in the process.8
Silk comes from several species of arthropods, but silkworms tend to be the easiest to
breed, and they produce the biggest payoff. Other arthropods, such as spiders, cannot be bred
together due to cannibalistic tendencies, but they also do not produce a manufacturable amount
of silk. For example, one silkworm cocoon can yield 600 to 900 meters of silk in a matter of
weeks whereas one spider web can only yield about 12 meters. Spider silk is stronger than
silkworm silk, but scientists have not been able to create a synthetic silk that resembles a fraction
of the strength that natural silks have. Silk from B. mori proves to be the best fit in terms of a
manufacturable product for this reason. It is believed that natural fibers have such a high tensile
strength, or a high resistance to breaking when force is applied, as a result of their structure,
although scientists are unsure of exactly how this works. Silkworm silk is a polymer made up of
fibers containing fibroin, sericin, and a protein coating (Figure 3.A). The protein coating acts as a
protective layer as well as the glue that holds the strand together, especially in the cocoon.
Sericin makes up 25% to 30% of the fiber's weight, and it is a protein that also acts as glue;
however, its function is to hold the two sections of fibroin filament together. It is believed that
these coatings could possibly have fungicidal or bactericidal properties that protect the silk,
which provides protection for the silkworm.9
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B
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Figure 3. A. Fibrous structure of silk, starting at the basic chemical structure (polymer) and progressing to
the fibroin filament surrounded by sericin.10 B. Arrangement of 𝛽-sheets in fibrils.11 C. Chemical structure
of silk with repeating glycine and alanine residues.12

Fibroin is the main component of silk, and it includes two distinct protein chains linked
by a disulfide bond: heavy-chain fibroin (350 kDa) and light-chain fibroin (~ 26 kDa).
Structurally, fibroin has a high concentration of alanine and glycine residues with a handful of
serine and tyrosine residues that make up the hydrophilic portion of the fiber (Figure 3.C). These
repeating residues form the heavy chain, while the light chain consists of a non-repeating
sequence. The secondary structure of silk is dominated by antiparallel 𝛽-sheets as well as some
𝛼-helices and random coils. 𝛽-sheets are common in polymers because strands usually layer over
each other through intermolecular forces. In addition, silk fibers have crystalline regions attached

Bryant 7
to each other by amorphous regions (Figure 3.B). These alternating regions reinforce the fiber,
which probably contributes to silk's high tensile strength. The structure of a substance tends to
reveal its physical properties by displaying motifs that scientists have come to recognize, such as
alternating crystalline and amorphous regions that contribute to silk's strength, but it can only
suggest so much. Although the basic structure of silk has mostly been discovered, the process for
silk assembly and fiber formation is largely unknown. As a result, scientists are still working on
the mechanism behind silk formation.9
Rayon
Rayon is considered the first "synthetic" fiber although it consists mostly of cellulose, a
polysaccharide composed of monomers of glucose (Figure 4.A), therefore, semi-synthetic is a
more accurate description. It is derived from the wood pulp of spruce and pine trees, but the pulp
must undergo a series of chemical reactions in order to produce the fabric. Initially, rayon was
known as artificial silk due to its soft texture and lightness, but it actually shares more properties
with cotton, which is also made of cellulose.13 However, cellulose found in wood pulp is
bunched and tangled instead of the ordered structure found in cotton. As a result, wood pulp
undergoes chemical processes that rearrange the crystalline structure in order to create fibers that
can be spun into rayon. Wood pulp is not very soluble in organic solvents (too many hydroxyl
groups) or water (not enough hydroxyl groups) without being treated first. Therefore, scientists
had to devise a mechanism that could overcome both of these obstacles (Figure 4.B).14

Bryant 8
A

C

B
Figure 4. A. Molecular structure of cellulose, the monomeric unit of rayon.16 B. Rayon's mechanism
beginning with cellulose, which is converted into xanthate and eventually rayon. 14 C. Manufacturing
process of viscose rayon.13

The resulting mechanism involves steeping the wood pulp in sodium hydroxide (NaOH)
and allowing it to become oxidized through contact with the air. Then, it is treated with carbon
disulfide (CS2) to form xanthate, which is water-soluble and causes the native crystalline
structure of cellulose to be disrupted. This viscous solution is filtered into a sulfuric acid (H2SO4)
bath where it precipitates out as strands of cellulose that possess the desired structure, and the
xanthate groups are decomposed. The new cellulose filaments are processed further through a
series of stretching, cutting, and drying to form the fabric known as rayon (Figure 4.C). Rayon's
mechanism of formation ultimately does not change the actual chemical structure of cellulose,
but it does result in shorter polymer chains. In addition, while wood pulp is a cheap raw material,
the amount of processing required to produce rayon is more expensive than just using cotton.13,
14, 15
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Cotton
Cotton is the most popular fabric in the world due to its ability to be mass-produced as
well as its numerous desirable properties, such as its softness, decent heat retention,
breathability, and lightness. Most of the cotton circulating today comes from the Gossypium
hirsutum plant because it can be grown almost anywhere.16 Cotton is seed hair, and it most likely
serves as a method of accumulating moisture from the air in order to germinate the seed.17
Cotton is the purest form of cellulose (~90%), which is a structural polymer used in cell walls.
Cellulose consists of a linear polysaccharide chain made up of 𝛽-1,4-glycosidic linkages (Figure
4.A) with a degree of polymerization ranging from a few hundred to tens of thousands, which
makes it more abundant than any other organic polymer on earth. It is synthesized by cellulose
synthase, a membrane protein that transports the glucose moiety from uridine diphosphate
glucose (UDP-glucose) across the membrane and adds it to the cellulose chain via condensation
polymerization (Figure 5.A). The chains then form microfibrils, which are held together by
hydrogen bonds and van der Waals forces, and those continue to layer over each other, creating
several layers that result in the tough, fibrous, and water-insoluble structure of cell walls.18
B

A
Figure 5. A. Cellulose synthase complex (CesA) in the plasma membrane of plants. UDP removes the
glucose moiety from sucrose, and CesA transports it across the membrane where it is added to the polymer
chain.19 B. Structure of cotton fiber consisting of the lumen, primary wall, secondary wall, and cuticle.17
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Since cotton is mostly cellulose, it represents the same structure on a larger scale. The structure
of cotton fiber consists of its lumen, two main walls, and the cuticle (Figure 5.B). The secondary
wall is where the purest concentration of cellulose is found while the primary wall contains
additional non-cellulosic molecules, and the cuticle is the waxy, protective layer, which includes
a mixture of proteins, pectin, and other non-cellulosic polysaccharides. The lumen provides a
passageway for nutrients to reach the cell wall while the plant grows. Therefore, water can be
stored in the lumen, which contributes to cotton's ability to hold a quantity of water that is
roughly twenty-five times the fiber's weight.17
The processing of cotton into a fabric is easier than the process for rayon as there are no
chemical reactions needed and also because machines, such as the cotton gin, have been created
to expedite the process. The first stage is called defoliation, which requires workers to remove
any leaves from the plants. Afterward, it is harvested by a machine capable of removing large
contaminants as it forms the cotton fibers into bales that are sent through a cotton gin in order to
remove the seeds from the bolls (white seed hair). At this point, the cotton must be transferred to
a factory, where the fibers are carded into long strands, which are then spun into yarn. The yarn
is typically dyed or chemically treated before it is finally woven into fabric. Since cotton is an
organic material, it has the potential for utilizing a clean manufacturing process, yet company
interests have made it more harmful to the environment as well as certain communities.
Pesticides are commonly used to increase production rates, and there is a history of exploiting
people in the cotton industry in order to increase profit margins.16
Polyester
Between silk, rayon, cotton, and polyester, polyester is the only fabric that is truly
synthetic. It is a man-made fiber, meaning the polymer does not exist anywhere in nature.
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Polyester is a general term for the most common type of polyester: polyethylene terephthalate
(PET). Polyesters are synthesized via condensation polymerization, and all of them include an
ester, which is characterized by a sp2-hybridized carbon (double-bonded oxygen, single-bonded
oxygen, and single-bonded R group).20 PET is a semi-crystalline polymer; therefore, it resembles
the structure of silk in that it has crystalline regions linked by amorphous regions to allow for
some mobility at high temperatures. PET's mechanism (Figure 6) begins with the starting
materials terephthalic acid and ethylene glycol, which are both derived from crude oil. At high
temperatures and pressure, terephthalic acid and ethylene glycol react to form bis(2hydroxyethyl) terephthalate first, then excess ethylene glycol distills out, forming PET in a
viscous liquid state. It is crucial that the starting materials be as pure as possible because the
polymer is difficult to purify once formed, so they undergo distillation or crystallization before
being forced to react with each other.21

Figure 6. Mechanism of polyethylene terephthalate. Terephthalic acid and ethylene glycol react at high
temperatures to form the polymer, PET.21

Once the polymer is made, it is typically dried to prevent hydrolysis, which would cause
its properties to weaken. Then, it is cut up, melted again, and extruded through a spinneret, or a
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small plate with numerous small holes. As the polymer is forced through the spinneret, it
immediately cools and solidifies. Next, it is heated again (> 69℃) so that it may be drawn to
realign the chain orientation and increase the polymer's strength. The fibers can be spun, dyed,
and woven like the other fabrics,20 but polyester is very sensitive to its manufacturing process.
Any changes in the process could affect the polymer's properties. Polyester's properties are also
greatly influenced by any R groups present, which might be added to form a polyester with more
desirable properties, but this can cause instability in the polymer's structure. As a result,
polyester is usually incorporated with other fibers, such as cotton, in order to stabilize its
properties. Nevertheless, since polyester does depend on a series of chemical reactions, it can
have a negative effect on the environment. Many polyesters are nonbiodegradable, not only
because they originate from a fossil fuel, but also because their structures do not allow them to
degrade easily. For example, PET has an aromatic ring, which are known for being difficult to
degrade naturally, while aliphatic polyesters do not tend to pose the same problem.22
Overall, silk, rayon, cotton, and polyester all have similar manufacturing methods, but
their structures are different (aside from rayon and cotton) as well as the way they are
synthesized. However, most of them are produced via condensation polymerization, which
provides a sense of unity. If they undergo the same general reaction, then it is possible that they
will degrade in a similar manner. Silk and cotton are completely natural while polyester is
completely synthetic, and rayon is a mixture of both, so not only is every variation accounted for,
but it should also provide an inclusive study of textile degradation in various aqueous
environments.
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Polymer Degradation
The degradation of polymers was central to this experiment, so it was necessary to
identify how polymers degrade as well as how their degradation could be tracked over a period
of time. Polymer degradation includes any changes to the chemical structure or physical
properties that occur as a result of some external factor. Polymers are typically degraded through
oxidation or hydrolysis reactions that fracture the polymer, resulting in smaller fragments. As a
result, the most common sign of degradation is a decrease in molecular weight, but other
properties such as tensile strength, color, and shape can be affected as well.23 Silk is composed of
mostly fibroin and sericin, both of which are proteins, so there are natural processes already in
place to degrade them. One method is the ubiquitin-proteasome pathway, which tags proteins
targeted for degradation with ubiquitin. The ubiquitin tag sends the proteins to proteasomes
where they can be shredded into their respective amino acids for recycling.24 This process can
occur in solution, but there are several other degradation solutions that can be used as well,
including phosphate buffered saline (PBS) and water. PBS degrades proteins more quickly that
water, but both work by hydrolyzing the peptide bond formed between amino acids. Sericin is
more water-soluble than fibroin, so sericin degrades first, compromising the secondary structure
of silk and leading to the overall degradation of the polymer.25
Rayon and cotton are mostly comprised of cellulose, which is difficult to degrade
because it consists of insoluble, crystalline microfibrils that resist enzymatic hydrolysis.
However, cellulolytic bacteria can recycle cellulose by using a variety of enzymes called
cellulases to hydrolyze the glycosidic linkages between monomers. These enzymes have
different specificities (catalysis, substrate binding, attachment to cell surface, etc.) that allow
them to contribute to the degradation of crystalline cellulose. However, total hydrolysis of
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cellulose is too costly, so bacterial cellulases are most commonly used for partial hydrolysis,
which allows products like textiles and paper to be recycled.26 Hydrolysis can be carried out with
additional solutions, including water, but it takes a much longer period of time. Also, chemical
solutions such as sulfuric acid can be harmful to the environment as well as a more destructive
method of degradation.
The degradation of PET also occurs via hydrolysis, but it degrades at a much slower rate
(~60-year lifespan) than silk, rayon, or cotton. Hydrolysis of polyester fibers results in fragments
of PET that contain carboxylic acid end-groups. PET can undergo chemical depolymerization
through glycolysis, which is too costly to be effective, and UV photolysis as well. PET, or
plastics in general, are unique because they can be melted and reshaped; however, melting PET
compromises its physical properties. As a result, recycled PET is usually mixed with virgin PET
in order to stabilize it. Polyester fibers cannot be recycled as efficiently as plastics can, but
recycled plastics can be made into fibers, reducing waste that would otherwise end up polluting
the ocean.27
Overall, the degradation of silk, rayon, cotton, and polyester occurs via hydrolysis, the
opposite reaction to condensation, but there are slight variances in each process, such as the time
it requires to degrade and the chemical solutions (or enzymes) required for degradation. The
central theme of polymer degradation, however, is that polymers degrade by fragmenting, which
leads to a decrease in molecular weight and possible differences in the functional groups present.
In addition, any change in the polymer's properties also suggests that degradation has occurred.
Degradation will eventually happen, especially as the textiles are exposed to external factors
such as light, temperature, and humidity, but each variable affects the rate of degradation
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differently. Therefore, this experiment targeted each polymer's sensitivity to external factors by
submerging the textiles in various aqueous environments.
Infrared Spectroscopy
Infrared (IR) spectroscopy exploits the tendency of the same atoms to absorb infrared
radiation at the same frequencies, which allows them to be identified in a molecule's IR
spectrum. Molecules have quantized vibrational energy that can interact with infrared radiation,
causing a change in dipole moment that signals IR activity, which is demonstrated by an
absorption band. Molecules can undergo intramolecular or intermolecular bond vibrations, but
each of their functional groups absorbs infrared radiation at a certain wavelength (or wavelength
range), allowing it to be identified. In addition, an absorption band's intensity is proportional to
the density of the species in the substance.28 As a result, IR spectroscopy can be used to track the
degradation of polymers over a period of time by comparing the intensity of the peaks as well as
the presence or disappearance of certain bands. As polymers degrade, they are hydrolyzed into
shorter chains, which would result in additional functional groups found in their IR spectrum as
well as less intense bands. For example, when polyester is hydrolyzed, the ester groups are
converted into carboxylic acids and alcohols, producing an O–H stretch in polyester's spectrum
that would not have been present previously. The same process would occur for silk, rayon, and
cotton, and they would all display less intense bands as the density of certain functional groups
decreased, such as the C–O–C stretch for rayon and cotton as the glycosidic linkages were
hydrolyzed.29
Literature Review
Previous research has been conducted on textile degradation with respect to buried
human remains as well as various soils. Several studies used animal carcasses to determine not
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only how decomposition fluid affected textile degradation but also how clothing affected the
remains.30, 31, 32 Lowe et al.31 used a pure cotton and cotton-polyester blend in different soils to
determine how soil texture affected textile degradation and carcass decomposition. The study
concluded that soil texture was irrelevant to both; however, the cotton clothing on the remains
degraded much slower than the clothing only, and the cotton-polyester blend did not degrade at
all. Ueland et al.30 came to the same conclusion, but only cotton was tested. HauTEO et al.32
conducted a similar experiment that utilized rabbit carcasses instead of pig carcasses, except the
study focused on how clothing affected the remains. The researchers determined that more
clothing enhanced the rate of decay for the carcasses placed on the ground's surface because it
provided protection for decomposers. Conversely, more clothing delayed decomposition for the
buried carcasses because there was less contact with the soil. These studies form the groundwork
for this research by focusing on forensic taphonomy, but the use of animal carcasses at such an
early stage was avoided in order to obtain preliminary results of how various aqueous
environments affected natural and synthetic fibers.
Other studies compared the degradation rates of natural and synthetic fibers, usually
cotton and polyester since these are the most common. Li et al.33 studied the biodegradability of
cotton and polyester in a laboratory setting and a composting environment over a three-month
period. The production of carbon dioxide was measured in order to establish a degradation rate
for each fabric, and cotton degraded more quickly than polyester. Ueland's 29 study on the
degradation patterns of natural and synthetic fibers was conducted on soil with cotton, polyester,
and a cotton-polyester blend, but the researchers also incorporated the effect of different seasons.
Once again, cotton degraded the fastest, polyester did not degrade at all, and the blend only
degraded slightly. The samples from the summer season showed more degradation than those
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from the winter season. Both studies have revealed important information for further study,
especially concerning the comparison between other natural and synthetic fibers.
The majority of the studies pertaining to the degradation rates of natural and synthetic
fibers are based on a soil environment. However, there is limited research on alternate
environments. Peacock's review compiles information on the effects of water on archaeological
textiles, but it mostly emphasizes that there is very little research on aqueous environments.
Fortunately, it did reveal that most textile degradation in water was a result of microorganisms.35
The study by Szostak-Kotowa also discusses the biodeterioration of textiles, but it is more
general. It states that natural fibers are likely to be attacked by microorganisms while only the
processing and finishing agents used on polyesters are susceptible to degradation. 29
Remains are commonly buried, so it is logical to research how soil affects the
degradation rates of natural and synthetic fibers. However, some remains are concealed
elsewhere, such as a body of water. As a result, the previous studies were used to develop a new
research aim, which is to test how water affects fibers found on human remains. As mentioned
earlier, there has been little inquiry into this subject; therefore, it was necessary to conduct
preliminary research to determine if water actually does affect the degradation rates, regardless
of whether there are human remains or not.
Research Aim
The aim of this research was divided into two parts. First, the effect that various aqueous
environments have on the degradation of natural and synthetic fibers needed to be determined by
looking at their structures via infrared (IR) spectroscopy. Then, if there were any consistent
variations over time, this information could be compiled to create an approximate timeline which
would then be applied to forensic taphonomy.
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Research Materials
The materials required for this experiment mostly included four 10-gallon tanks, onefourth of a yard of each fabric in white, and approximately five gallons each of pure water,
chlorinated water, sea water, and lake water. White silk, rayon, cotton, and polyester were used
to avoid differences in color and dyes as well as making any changes easily visible. Deionized
water was used in the pure water tank and the chlorinated water tank, but Clorox Pool&Spa
XtraBlue Shock was added to the chlorinated water tank in order to mimic a pool environment.
Imagitarium Pacific Ocean Water was used in the sea water tank, and water from Greenbrier
Lake in Greenbrier, Tennessee was obtained for the lake water tank. Additional materials
included gloves and forceps to handle the fabrics, binder clips to attach the fabrics to the tanks, a
chlorine test kit to measure the chlorine level in the chlorinated water tank, scissors to remove
the swatches of fabric, and aluminum foil to cover the tanks. Aluminum foil also acted as a
surface for the wet swatches to dry on until they were transferred to plastic bags for storage.
Lastly, a balance and ATR-FTIR spectrometer with a diamond crystal were used for testing.
Research Methods
First, each textile (cotton, polyester, silk, and rayon) was washed with Tide Free &
Gentle according to common handling procedures (machine-washed for cotton and polyester;
hand-washed for silk and rayon) and hung to dry to remove any surface coatings.33 Then, four
tanks of water were set up: purified water, lake water, chlorinated water, and sea water. The
purified water acted as a control, and the remaining three types were chosen to resemble
potential crime scenes. The water in each tank was kept at room temperature to limit the number
of variables being tested, but the tanks' temperatures and pHs were recorded each week to
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account for any fluctuations. Chlorine levels were also tested and maintained between 1 and 3
ppm, which is the average concentration for pools.
Once the fabrics were washed and dried, three small swatches (approximately 3 cm x 3
cm) were removed from each. This acted as the equivalent of conducting the experiment in
triplicate, providing more accurate results and eliminating the possibility of an outlier affecting
the data. These initial samples became the standards for the experiment; therefore, they were
weighed, and IR spectroscopy was conducted on them.30, 29, 37 Next, the fabrics were fully
submerged in the tanks for fifteen weeks. During this time period, three small samples from each
fabric were removed once a week and allowed to air dry. Then, they were stored in unsealed
plastic bags, and all of them were tested via IR spectroscopy once all of the samples had been
collected. In addition, one sample of each fabric from the pure tank was taken, cut to the same
size, and weighed to see if degradation could be tracked that way. The results from the degraded
samples were compared to the initial samples to determine the rate at which they degraded.
Lastly, this information was analyzed to determine if there was a pattern that could be
established to create a timeline.32
Results
IR spectroscopy is used to detect atoms in a molecule by measuring how much infrared
radiation they absorb. Different atoms absorb at various wavelengths, which can be used to
produce an IR spectrum that can be analyzed to determine which functional groups are present in
the molecule. It can be an effective method of tracking functional groups in a substance;
therefore, it was used in this experiment to do just that as all of the fabrics were allowed to
degrade in various aqueous environments over a fifteen-week period.
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A. week 0

B. week 15; pure
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C. week 15; chlorinated

D. week 15; sea
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E. week 15; lake

Figure 7. Infrared spectra of silk. A. Samples from week 0. B. Samples removed from the pure water tank
during week 15. C. Samples removed from the chlorinated tank during week 15. D. Samples removed from
the sea water tank during week 15. E. Samples removed from the lake water tank during week 15.

Since silk is a protein, its structure is made up of amino acids, which all include a
carboxyl and amino group and their respective R groups. As a result, its IR spectra should
include peaks that are representative of these functional groups. As mentioned before, silk is
mainly composed of alanine (R = CH3), glycine (R = H), and the occasional serine (R =
CH2OH). Therefore, these functional groups, in addition to the carboxyl and amino groups,
should be present in the spectra. The presence of these groups is confirmed in Figure 7.A, which
is the spectrum for silk before it was placed in the various water environments. It has strong
peaks around 1600 cm-1 to 1700 cm-1, which are representative of the carboxyl group, while the
peaks within the 1000 cm-1 to 1500 cm-1 range are an assortment of C–O, C–C, and C–N
stretches. The absorbance at approximately 3277 cm-1 could be an O–H stretch, but it is typically
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broader when there is a hydroxyl group present. Therefore, it is most likely representative of the
amino group, which can be found between 3250 cm-1 and 3400 cm-1. Finally, the small peaks at
2928 cm-1 could be the C–H bond found in alanine.37 The other significant peaks in the 1700 cm1

to 2700 cm-1 range are just interference absorbance because they match the baseline, but they

do not match any groups in silk's structure.
The spectra (Figure 7.B, C, D, E) for the silk samples removed after fifteen weeks in each
tank do not vary much from the original data. The baseline has a higher absorbance (0.04), which
seems to have shifted the spectra up an equal number of units, but all of the same peaks are still
present in the same general area. It looks like the C–H stretch at 2928 cm-1 is less pronounced for
the samples in the chlorinated (Figure 7.C), sea (Figure 7.D), and lake (Figure 7.E) water tanks
while it is slightly more pronounced in the pure (Figure 7.B) water tank. However, it is unclear
whether this difference or any others could be attributed to the degradation of the samples.
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week 5

week 15

Figure 8. Progression of color change in silk samples removed from the chlorinated water tank.
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The silk samples removed from the chlorinated water tank underwent a chemical reaction
that resulted in a color change, which became more intense as time progressed. At week 0, the
silk was white, but by week 15, it was clearly yellow (Figure 8). Clorox Pool&Spa XtraBlue
Shock's main ingredient, and its source of chlorine, is sodium dichloro-s-triazinetrione, which
includes two N–Cl bonds. Chlorine is a strong bleach and oxidizing agent, and oxidizing agents
are known for causing severe damage to the structural integrity of silk fibers.38 Silk is composed
of amino acids, which are naturally degraded through oxidation, and since chlorine is a halogen,
it is readily available to accept a pair of electrons. Therefore, once sodium dichloro-striazinetrione is dissolved in water, it can form hydrogen bonds with water, releasing chlorine in
its gaseous state. However, before chlorine evaporates, it can react with the amino groups of
alanine, glycine, and serine in silk, which causes the fabric to yellow due to chlorine's yellowgreen color.39

A. week 0
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B. week 15; pure

C. week 15; chlorinated
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D. week 15; sea

E. week 15; lake

Figure 9. Infrared spectra of rayon. A. Samples from week 0. B. Samples removed from the pure water tank
during week 15. C. Samples removed from the chlorinated tank during week 15. D. Samples removed from
the sea water tank during week 15. E. Samples removed from the lake water tank during week 15.
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Rayon's monomeric unit is regenerated cellulose, which means that its IR spectra should
include absorbances that represent mostly O–H bonds, C–H bonds, C–O bonds, and C–C bonds.
Fortunately, this is exactly what is shown in Figure 9. There is a clear, broad O–H stretch at 3325
cm-1 and a small C–H stretch at 2891 cm-1. The data in the 1800 cm-1 to 2700 cm-1 range is just
atmospheric interference, which was also present in the silk spectra. An unusual absorbance
found around 1650 cm-1 was identified as water present in the samples. Peaks in this general
wavelength are characteristic of water vapor because it shifts between rotational and vibrational
energy levels, which most likely creates the interesting spikes in absorbance within that
individual peak.37 The absorbances around 1366 cm-1 represent C–O bonds, and the final peak of
interest at 1000 cm-1 is representative of a C–C bond.
Once again, the spectra (Figure 9.B, C, D, E) collected from the week 15 samples did not
display any major differences between the tanks. There were some differences in the baseline
that caused the absorbances to increase slightly, and there were various absorbances found for
the water peak (1650 cm-1). However, this peak is not necessarily relevant to the degradation of
rayon. It just suggests that different amounts of water were absorbed by the samples, and these
amounts influenced the IR spectra because infrared radiation is highly absorbed by water.
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A. week 0

B. week 15; pure
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C. week 15; chlorinated

D. week 15; sea
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E. week 15; lake

Figure 10. Infrared spectra of cotton. A. Samples from week 0. B. Samples removed from the pure water
tank during week 15. C. Samples removed from the chlorinated tank during week 15. D. Samples removed
from the sea water tank during week 15. E. Samples removed from the lake water tank during week 15.

Cotton is made up of almost pure cellulose, so its IR spectrum is very similar to that of
rayon's. The O–H absorbance is at 3335 cm-1, and the C–H stretch is found at 2904 cm-1 (Figure
10). Water is also present in the spectra for cotton (around 1600 cm-1), and the peaks ranging
from 1000 cm-1 to 1500 cm-1 represent the presence of single bonds (C–H and C–O) that are
found in the aromatic rings of the polysaccharide. The last peak of interest, which is also found
in the IR spectra for rayon (Figure 9), is the absorbance around 900 cm-1. This absorbance is
representative of the 𝛽-1,4-glycosidic linkages that bond individual monosaccharides together to
form the polysaccharide.40 Overall, the spectra for cotton over the fifteen-week period did not
change very much (Figure 10.B, C, D, E) from the spectra collected for week 0. All of the same
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peaks are present, and there was not much shifting in wavelength or absorbance. Therefore, the
data suggest that little to no degradation occurred.
A. week 0

B. week 15; pure
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C. week 15; chlorinated

D. week 15; sea
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E. week 15; lake

Figure 10. Infrared spectra of polyester. A. Samples from week 0. B. Samples removed from the pure water
tank during week 15. C. Samples removed from the chlorinated tank during week 15. D. Samples removed
from the sea water tank during week 15. E. Samples removed from the lake water tank during week 15.

Polyester is composed of repeating units of polyethylene terephthalate (PET) whose
structure consists of primarily two ester groups connected by a benzene ring. Polyester's
structure varies the most from the other fabrics because it does not have any hydroxyl groups or
N–H bonds, so there is no absorbance around 3300 cm-1. Most of the absorbances for polyester
are found in the 500 cm-1 to 1715 cm-1 range, but there is one slight peak around 2950 cm-1 that
most likely represents a C–H bond or some kind of interference (Figure 10). Just as with the
spectra for silk, rayon, and cotton, the absorbances in the 2000s are atmospheric interference,
which is represented in the baseline as well. The peak at 1712 cm-1 indicates the carbonyl group
of an ester, and the four absorbances between 1400 cm-1 and 1500 cm-1 are representative of the
benzene group in PET. Lastly, there are several absorbances observed around 1000 cm-1. Most of
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the peaks indicate C–O and C–C bonds, and specifically, the one at 1016 cm-1 could represent
the ester groups.41
Polyester did not show much evidence of degradation, which is supported by the fact that
the other fabrics did not either. All of the spectra for polyester display peaks around the same
wavelengths; there are no new peaks, nor did any disappear. The only possible sign of
degradation could be that the absorbances for the samples removed after week 15 are slightly
lower than the ones for week 0, but the baseline for week 0 is actually lower than the one used
for the week 15 samples (Figure 10. B, C, D, E). In the spectra for the other fabrics, the baseline
shifted the absorbances up an equal number of units, but that is not the case for polyester.
Therefore, there is no explicit reason as to why the absorbances are lower, but since it is a small
difference, it is possible that it is not a result of degradation.

Mass of Fabric Samples Over Time
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Figure 11. Mass of samples removed from the pure water tank each week. One sample was taken from each
set of three for every fabric and cut to size for weighing, which is graphed above.
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Once all of the samples were collected, one sample from each set of three was taken and
cut to the same size for every week so that they could be weighed. However, only samples from
the pure water tank were weighed because the other tanks could have potentially left residues on
the samples that would affect their mass. Also, due to time restrictions, the samples from the
other tanks could not be rinsed and dried again to account for these residues. As a result, the
samples from the pure water tank were cut to size and weighed using a balance, producing the
data shown in Figure 11. There was not a constant decrease in mass over time, which suggests a
lack of degradation. Silk and polyester had the most consistent masses while rayon and cotton's
masses were much more inconsistent. However, as seen in their spectra (Figures 9 and 10), rayon
and cotton do hold water, which can account for their variations in mass. Overall, when week 0
is compared to week 15, the masses of silk and rayon increased, and the masses of cotton and
polyester decreased. Nevertheless, this is most likely a coincidence and has little to do with loss
of mass through actual degradation.
Discussion
In this experiment, the chemistry of polymers was explored by comparing how natural
and synthetic fibers degraded in various aqueous environments. Polymer degradation has
occurred when an external factor alters the chemical structure or physical properties of the
polymer. Polymers are typically degraded through oxidation or hydrolysis reactions that fracture
the polymer, resulting in smaller fragments. As a result, the most common sign of degradation is
a decrease in molecular weight, which can be tracked by comparing the intensities of the peaks
found in the IR data. IR spectroscopy was chosen to test the samples because it can be used on
substances in any physical state, and unlike many techniques, it is non-destructive, which is
desirable when analyzing criminal evidence. It is also a quick process that requires little to no
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preparation of the sample, and the instrument is more readily available than other, more
expensive instruments. The samples collected from each tank over the fifteen-week period were
therefore analyzed via IR spectroscopy, and samples of each fabric that were removed from the
pure water tank were weighed to measure any weight loss.
Based on previous research, it was likely that the natural fibers would have degraded
faster than the synthetic ones. Therefore, the cotton and silk samples that were collected were
predicted to show greater variances in their appearances as well as their IR results. The synthetic
fibers should have also shown slight deterioration but not to the extent of cotton or silk. It was
expected that certain functional groups in the fabrics' IR results would become less prominent as
time progressed, such as the C–O–C stretch in the spectra for rayon and cellulose. The
experiment was also set up to determine which type of water has the greatest effect on
degradation. The tank with lake water was predicted to have the highest degradation rates
because it contained microorganisms and other impurities. Chlorinated water was suspected to
have the second highest degradation rates due to the chemical harshness of the water. However,
the effect of salt water was predicted to behave in one of two ways: it could act as a preservative
and have reduced effects, or it might negatively influence the degradation rates more strongly
than purified water.
Unfortunately, both the IR spectra and the masses of the weighed samples showed little
to no degradation for all of the fabrics. The same absorbances were found at the same general
wavelengths for each of the fabrics' IR spectra, which suggests that the fabrics did not experience
any quantifiable deterioration during the fifteen weeks they were submerged in the tanks. In
addition, the samples that were weighed did not display any notable differences in mass that
could accurately be attributed to degradation. The only sign of degradation was found in the silk
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samples removed from the chlorinated water tank. These samples underwent a color change as
time in the tank progressed. The sample from week 0 was white, but as chlorine was released
into the water, it oxidized the amino group's nitrogen, turning the fabric yellow. The chlorinated
tank was the only one that required a relatively strong chemical, and it had to be maintained
weekly, which provided a large source of chlorine. Therefore, as time passed, more and more
chlorine atoms were released from sodium dichloro-s-triazinetrione and allowed to react with the
silk. This produced the color gradient pictured in Figure 8. Therefore, these samples experienced
changes in a physical property, which represents the only sign of degradation discovered in this
experiment. Since there was no pattern found in the fabrics' IR spectra over the fifteen-week
period, there was no way to create a timeline that could be applied to forensic taphonomy.
Future Research
This experiment consisted of preliminary research into how various aqueous
environments affected natural and synthetic fibers over a fifteen-week period. Unfortunately,
little to no degradation was found, which suggests that any future research should be done over a
longer period of time. Once this time limit has been established, the results can be compared to
determine the presence of any patterns that could be used to create a timeline. However, this
would be the first step of many to produce results that could actually be used in forensic
taphonomy. After a preliminary timeline is established, other factors must be considered such as
the effects of bodily fluids on degradation as well as temperature, pH, additives, etc. In addition,
it might be more useful to rinse the samples from the chlorinated, sea, and lake water tanks so
that they can also be weighed to determine if any degradation occurred. Nevertheless, there is an
extensive amount of research required to establish a timeline of degradation that could plausibly
be used in crime scene analysis, but hopefully this research is a half-step in the right direction.
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